The light-driven and the ATP-driven reduction of nicotinamide adenine dinucleotide (NAD) catalyzed by the chromatophore fraction of Rhodopseudomonas capsulata was investigated. Efficient electron donors for the photoreduction of NAD are molecular hydrogen and succinate. In the ATPdependent reaction system, succinate is a more efficient electron donor than H2 . The energydependent NAD-reduction is driven by A TP, but not by pyrophosphate or ADP. Oligomycin stimu lates the NAD-photoreductions and completely inhibits the ATP-driven NAD-reductions. Rotenone and piericidin A are inhibitors for both the light-driven and the ATP-driven NAD-reductions. Antimycin A is an inhibitor only for the light-driven reductions. The H2-linked NAD-photoreduction is less sensitive to these inhibitors and to the uncoupler desaspidin than the succinate-linked reduc tion. Atebrine, carbonyl cyanide-m-chlorophenylhydrazone, 2,4-dinitrophenol and phenazonium methosulfate are inhibitors for the light-driven and the ATP-driven reductions. Some of the com pounds used as inhibitors of the NAD-reduction were also investigated with concerns to their inhi bitory effects on cyclic photophosphorylation and 0 2-linked oxidations of reduced NAD, succinate and H., . Based on the results of these inhibitor studies, the relationships between cyclic photo phosphorylation, light-induced noncyclic electron transport and energy-dependent NAD-reduction are discussed.
tris (pH 8 .0 ), 0 .5 //moles NADH, chromatophores with 30 -60 //g BChl, c. NADH-DCPIP-oxidoreductase was measured at 600 nm in aerobic cuvettes in the presence of KCN which inhibits nearly completely the dark oxidase. Reaction mixture (3.0 ml) : 100 //moles tris (pH 8 .0 ), 0.5 //moles NADH, 0.2 //moles D C P IP, 10 //moles KCN, chromatophores with 30 -60 //g BChl. d. NADH-cytochrome c-oxidoreductase was followed at 550 nm. Reaction mixture the same as given in c., but instead of 0.2 //moles D CPIP supplied with 0.2 //moles cytochrome c. e. Succinate-DCPIP-oxidoreductase was measured at 600 nm in aerobic cuvettes. Reaction mixture (3.0 ml) : 100 //moles tris (pH 8 .0 ), 20 //moles suc cinate, 0.2 //moles D CPIP, 10 //moles KCN, chro matophores with 30 -60 //g BChl. f. Succinate-cytochrome c-oxidoreductase was followed at 550 nm. Reaction mixture as given in e., but instead of DCPIP supplied with cytochrome c. ATP-driven reversed electron transport to NAD. The dark reduction of NAD driven by ATP was performed in anaerobic cuvettes which were flushed with N2 or H2 . The reaction mixture was essentially the same as that used for NAD-photoreduction. ATP-concentration was 5 //moles per reaction vessel. Incubation was at 3 0 J in the dark. The reduction was followed spectro photometrically at 340 nm.
Manometric experiments were carried out in a
Estimation of lactate. Lactate was assayed enzymati cally according to the method given by S c h o l z et al. 12. The reaction mixture in the Warburg vessels was deproteinized by perchloric acid and then neutralized with 1 N KOH. After a few minutes, the precipitate was centrifuged off and the resulting supernatant was assayed for lactate. 
Results
It has been reported previously that chromatophores prepared from H2 -C 0 2-grown cells of Rhps. capsulata catalyze N AD-photoreduction at a higher rate than chromatophores from malate-glutamate-grown c e lls 8. The data plotted in Table 1   R illustrate that the " photoautotrophic" preparation not only exhibits a higher activity o f cytochrome clinked hydrogenase, but also a higher activity of NADH-dehydrogenation. The reaction rate of cyto chrome c-reduction in the presence of H 2 is much higher than the reaction rate of the H 2-linked NADphotoreduction. On the other hand, the reaction rate of cytochrome c-reduction at the expense of suc cinate as an electron donor is not sufficient to a c count for the succinate-linked NAD-photoreduction obtained with the photoautotrophic preparation. Redox dyes such as D AD , TM PD and D C P IP are less efficient as electron donors fo r NAD-photo reduction than succinate and H2 .
In reaction m ixtures which contain a trapping system fo r NADH and A T P , chrom atophores of Rhps. capsulata catalyze both NAD-photoreduction and cyclic photophosphorylation (T a b le 2 ) . In the presence of a phosphate acceptor system , the NADphotoreduction at the expense of succinate is more inhibited than the H2-linked N AD-photoreduction. The light-induced cyclic electron transport coupled to the synthesis of A T P is the dominant photoreac tion of Rhps. capsulata chromatophores. The reac tion rate of cyclic photophosphorylation is not de creased by the addition of a trapping system for NADH. These data are in favour of the hypothesis that bacterial NAD-photoreduction is an energydependent reversed electron transport which is in com petition with the synthesis of A T P coupled to the light-induced cyclic electron tra n sp o rt13. I f this interpretation is correct, the electron transport to NAD should be stimulated by the inhibitor of A TPsynthesis, oligomycin. The effect of oligomycin on N AD-photoreduction was variable in different chromatophore prepara tions. In some cases, oligom ycin had practically no effect on the photoreduction of NAD. However, in the greater number of preparations, oligom ycin stim ulates the NAD-photoreduction in the range of 10 -30% depending on the electron donor employed into the reaction mixture (T ab le 3 ) . The inhibition caused by the phosphate acceptor system is partly reversed by oligomycin. T his is in contrast to the results obtained with Rh. rubrum chromatophores. W ith Rh. ru bru m chromatophores, the inhibition of NAD-photoreduction caused by the phosphate ac ceptor system is reversed by oligom ycin more than 100% 14. Rotenone is well known as an inhibitor of m ito chondrial N AD H -oxidation. The inhibition of b a c terial N AD-photoreduction by rotenone has been considered to be an argument in favour of the hypo thesis of reversed electron tra n sp o rt14. Rotenone is a strong inhibitor of N ADH -oxidation catalyzed by Rhps. capsulata chromatophores, however, a less efficient inhibitor of NAD-photoreduction (F ig . 1 ) . At a concentration of 10 //M, the N ADH -oxidation is alm ost completely inhibited by rotenone, whereas the N AD -photoreduction still has 30% (succinatelinked reaction) or 5 0 % (H 2-linked reaction) of its control activity. The reaction rate of the inhibited N ADH -oxidation (1 2 //moles NADH/mg BChl per hour at 9 5 % inh ibition ) is not sufficient to account for the Ho-linked NAD-photoreduction (22 /<moles NADH/mg BChl per hour at 50% in h ib itio n ). The cyclic photophosphorylation is insensitive to rote none.
R ecently, piericidin A was found to be a strong inhibitor of m itochondrial and bacterial NADHoxidations 15,16. In m itochondria, piericidin A seems to have the same binding site as ro ten o n e1'. As shown in F ig . 2, p iericid in A inhibits N AD-photo reduction catalyzed by chromatophores of both Rhps. capsulata and R h. rubrum . It is evident that in both preparations the succinate-linked NADphotoreduction is m ore sensitive to the inhibitor than the H 2-linked or the ascorbate-D C PIP-linked reaction, respectively. succinate-linked and NADH-linked cytochrome creductions are sim ilar to that of cyclic photophos phorylation. The Ho-linked cytochrome c-reduction is more resistant to antim ycin A than the latter three reactions (F ig . 4 ) .
Chrom atophores of Rhps. capsulata are highly resistant to HOQNO. At a concentration of 6 juM, HOQNO inhibits the succinate-linked NAD-photo- tion is in h ib ited 20. It was concluded from these findings that atebrine may have two modes of action : ( 1 ) inhibition of light-induced cyclic elec tron transport and ( 2 ) uncoupling of phosphoryla tion 21.
Chrom atophores of Rhps. capsulata contain not only the electron transfer system which is operating in cyclic photophosphorylation, but also an o x i dative electron transport system coupled to a KCNsensitive oxidase. The oxidase can be linked to NADH, succinate, H2 and reduced cytochrome c as electron donors (T ab le 4 ) . Rotenone and piericidin A are strong inhibitors of N ADH -oxidation. Antimycin A and atebrine are less efficient inhibitors of NADH-oxidation and succinate-oxidation. DNP strongly inhibits the N AD H -oxidation, but not the succinate-oxidation or H2-oxidation. The latter reac tion is inhibited only by KCN. It is concluded that succinate and NADH are electron donors at a redox level more negative than that of cytochrome c. H2 tion. Usual rates of cytochrome c-oxidation ob tained with photoautotrophic chromatophores were 1 5 0 //moles 0 2/mg BChl per hour. Succinate-oxidadation proceeds at a lower rate ( 3 0 //moles 0 2/mg BChl per h o u r ). Electron transport against the thermodynamic gradient has been reported for mitochondria 22 and bacterial systems 23,24. Furtherm ore, chromatopho res of Rh. rubru m were shown to catalyze an energydriven dark-reduction of NAD at the expense of suc cinate as an electron d o n o r14. Chromatophores of Rhps. capsulata catalyze an ATP-driven NAD-reduction at the expense of both succinate and H2 (F ig . 7 ) . In some preparations, the A TP-driven NADreductions proceed at half the rate of the light-de pendent reactions (see F ig . 7 ) . However, these high reaction rates of reversed electron transport are un- usual. In the greater number of preparations, the reaction rates of A TP-driven N AD-reductions are not more than 2 0 -30% of the rate of the light-dependent reaction. Both the light-driven and the ATPdriven reactions are dependent on the buffer type which was used during the preparation of chrom ato phores. Use of tris-buffer results in higher rates of the A TP-driven reductions and in lower rates of the light-driven reductions as com pared with the prepa rations which were done with phosphate buffer (T able 5 ) . The data plotted in Table 6 show that only A T P is an effective energy source fo r the energy-dependent dark-reduction of NAD by Rhps. capsulata chromatophores. A D P and pyrophosphate are in effective. In Rh. ru bru m chrom atophores, pyrophos phate serves as an energy source fo r dark-reduction of NAD 14, reversed electron transport in the cyto- the fact that the photooxidation of reduced D C P IP catalyzed by Rhps. capsulata chrom atophores is strongly stimulated by atebrine and antim ycin A 20, but not by CCCP. On the other hand, the inhibition by atebrine of A TP-driven NAD-reductions seems to be due to an uncoupling effect of this com pound 21. DNP and PM S are strong inhibitors of light-and ATP-driven NAD-reduction. Since cyclic photophosphorylation is inhibited only to a small extent by these com poundsn , it is supposed that both DNP and PM S act as inhibitors of the NADHdehydrogenase. Oligomycin stimulates the lightdriven NAD-reduction and inhibits alm ost com ple tely the ATP-driven reduction.
Discussion
The results of the inhibition studies are sum marized in the electron transfer scheme given in Fig. 8 . The chromatophore fraction contains two electron transfer systems which are different in func tion : ( 1 ) an oxidative electron transport chain and (2 ) the " cyclic" system. The relationship of the oxidative chain to the cyclic system rem ains un certain. If the pathway of electron transport from compound UQ (presumably an ubiquinone) to the oxidase-linked c-type cytochrome is a part of the cyclic system, one should expect that the 0 2-linked and the cytochrome c-linked oxidations of NADH.
succinate and H2 would be inhibited to the same extent by antimycin A. However, the 0 2-linked o x i dations are much less sensitive to antim ycin A than the cytochrome c-linked oxidations. Thus, it is more likely that the two systems are seperate ones as shown in Fig. 8 . It is assumed that there exists a connection between compounds UQ and B . The results of the inhibitor studies on NADphotoreduction and energy-driven N AD-reduction support the idea that the N AD-photoreduction by Rhps. capsulata chromatophores is an energy-dependent reversed electron transport. The inhibition of NAD-photoreduction by a phosphate acceptor system, the stim ulation of this reaction by oligo mycin and the inhibition by rotenone, piericidin A and by uncouplers are considered to be arguments in favour of the hypothesis of reversed electron tran sp o rt13,28. However, there are some results which cannot be understood on the basis of this hypothesis.
At low concentrations of antim ycin A, the H2-dependent and the ascorbate-D CPIP-dependent NADphotoreduction are less sensitive to this inhibitor than cyclic photophosphorylation and succinatelinked NAD-photoreduction. I f the ascorbate-D CPIP-linked NAD-photoreduction is interpreted to be an energy-linked reaction, it has to be postu lated that the inhibition of cyclic photophosphoryla tion by antimycin A can be decreased by the redox dye. Indeed, antim ycin-resistant photophosphory lation could be demonstrated with Rh. rubrum chro matophores in the presence of ascorb ate-D C P IP and an external electron acceptor such as NAD or fumarate 13,18, 29. Chrom atophores of Rhps. capsu lata, however, do not catalyze antim ycin-resistant photophosphorylation in the presence of D C P IP 11. Thus, it is difficult to see in which m anner the antimycin-resistance of the ascorbate-D C PIP-linked NAD-photoreduction can be explained on the basis of the hypothesis of reversed electron transport. A possible interpretation of these results would be to assume an energy-dependent electron-transport in the case of the succinate-linked reduction and a direct photochemical reduction according to N o z a k i et a l. 18 in the case of the dye-linked reduction. A sim ilar interpretation has been proposed fo r Rh. rubrum chromatophores 20.
Recently, the measurements of action spectra for the light-induced cytochrom e-oxidations in Rh. rubrum showed that two different cytochromes were oxidized by two different light-reactions. F u rth er more, evidence was presented that one of the two light-reactions is driving the cyclic system whereas the other one is linked to the oxidation of a sub strate 30. Studies on the relationships between lightinduced redox reactions and coupled A TP-form ation by Rh. rubrum chromatophores were interpreted in a sim ilar way 31.
The inhibition of NAD-photoreduction by rote none, piericidin A, CCCP and desaspidin is in favour of the idea that an energy-dependent step is involved into the reaction. However, at low concen trations of these inhibitors the H2-linked NADphotoreduction is less inhibited than the succinatelinked reaction. Thus, one might suppose that in Rhps. capsulata a cytochrome-linked hydrogenase can function as an electron donor for the light-indu ced noncyclic electron transport.
I f the antimycin-sensitive reduction of cytochrome c at the expense of succinate represents an inter action between the succinate dehydrogenase and the cyclic electron transport system, the question arises whether succinate can function as an electron donor fo r the light-induced noncyclic electron transport as well as Ho . There are two observations which do not support this idea. (1 ) The rate of the succinatelinked reduction of cytochrome c is not sufficient to account for the rate of succinate-linked NAD-photo reduction in preparations which exhibit a high rate o f NAD-photoreduction. (2 ) The rate of the anaero b ic fum arate-photoreduction at the expense of re duced D C P IP is very lo w 11. Since the H2-dependent reduction of cytochrome c proceeds at a much higher rate than the succinate-linked reaction, m olecular hydrogen is assumed to be a much more efficient electron donor fo r the noncyclic system than suc cinate.
The succinate-linked NAD-photoreduction is inter preted to be an energy-driven electron transport to NAD. The H2-linked NAD-photoreduction may in volve two different reaction mechanisms, an energydriven reversed electron transport which is sensi tive to uncouplers (CCCP, desaspidin, atebrine) and to rotenone and piericidin A, and a noncyclic lightinduced electron transport to NAD which is insensi tive to these inhibitors. At low concentrations of antim ycin A (1//M ), the energy-driven electron 
